Abstract
axial elongation is essential for emergence of the young seedling from the soil). However, there All indentations, both elastic and viscoelastic, were done at a fast indentation rate of 50 µm s 
Mechanical Testing

139
Within the range of depths tested, linear elastic and linear viscoelastic theory was found to be 140 appropriate by the methods discussed in the supplementary information. 
where f is force applied, R is the radius of the indenting sphere, E is the Young's Modulus, ν is the Poisson ratio which is assumed to be 0.5 (implying incompressibility), z is the position of the 146 indenter as represented internally by the AFM, z 0 is the reference contact point, H is the Heaviside 147 step function, ξ and β are used to represent the offset and drift respectively that commonly occur 148 during AFM indentation. For elastic analysis, the offset and drift were found to be minuscule for the majority of files but in any case were subtracted from the data using the JPKSPM data identifying the contact point have been proposed [38] [39] [40] . In this study, the contact point was
154
found using a qualitatively determined force threshold. A specific threshold was selected for each 155 material tested by plotting the force/displacement curves for that material semi-logarithmically in 156 the force axis and observing where the largest change in force took place -which corresponds to 157 initial contact. After this the material displacement, δ, could be found using the relation δ = z −z 0 .
159
For viscoelastic testing the elastic-viscoelastic correspondence principle [41] can be used to 160 derive the time-dependent analogue of Equation 1 for displacement controlled (relaxation) tests.
161
Noting that E = 3G for the incompressible case, where G is the shear modulus, the linear vis-
where f , δ and G now represent dynamic functions and τ serves as an integration dummy variable.
164
A similar method can be followed [42] to derive the dynamic force-displacement relationship for 165 stress controlled creep tests which results in
where J is the material creep function and all other symbols have their previous meaning. For 167 ramp and hold loading, the above integral can be simplified using a ramp correction factor [41, 42] .
168
However, the complex force/displacement feedback cycle used by the AFM meant it was not 169 feasible to generate an accurate linear ramp. Instead, a convolution was performed using the
170
NumPy Python package (numpy.convolve), thus enabling arbitrary loading kernels to be used. 
Standard and Fractional Viscoelastic Models
172
The relaxation and creep moduli of the SLS2 model take the form of Prony series:
J(t) = J 0 − J 1 e −t/τc1 − J 2 e −t/τc2 ,
where τ r and τ c are relaxation and creep (retardation) time-scales respectively. Elastic/viscous 175 ratios can be defined on the relaxation [41] and creep moduli in the following way:
The FZ model is a combination of an elastic spring in series with a fractional Kelvin-Voigt 
181
J(t) = 1 2
where E ν is shorthand for E ν,1 -the Mittag-Leffler function with the second parameter equal to 1 and the first parameter, the spring-pot parameter, allowed to vary between 0 and 1 reflecting the 183 fact that a spring-pot can behave as a spring (ν = 0) or a dash-pot (ν = 1). for the spectrum of behaviours in-between a spring and a dash-pot to be explored. In isolation,
200
the spring-pot exhibits power-law behaviour. In combination with springs and dash-pots it is able 201 to accurately capture complex combinations of exponential and power-law viscoelasticity.
203
To make an informed decision on which model to use, the qualitative behaviour of the gels' 204 relaxation was examined. It can be seen from the averaged DM41 data (N = 20 across 6 gel 205 samples) in Figure 1a , that the gels exhibited a brief period of rapid relaxation followed by power- In addition to the above, we were also interested in testing the properties of mixed DM pectin gels. The reason for this is that plant cell walls likely contain heterogeneous DM pectin. We gener-295 ated two mixed gels with an effective DM 50, one using a combination of DM 33 and DM 70, and
296
another using a combination of DM 41 and DM 60. We also generated one mixed gel with an effec-297 tive DM 41 using a combination of DM 33 and DM 50 pectin. These were subjected to the same
298
AFM indentation tests and model fits as above to investigate whether their mechanical properties 299 would be similar to the homogeneous DM pectin gels. As in the above case, the elastic and viscous
300
properties were found to be coupled across gel types, as shown in Figures 2c and 2d analysis; a representative fit is shown in Figure 3b . as in gels except that it was exaggerated. Given the difference in τ , a component of viscosity, it 400 seemed reasonable to conclude that the inconsistent E/V ratio was due in part to altered creep time.
Since our creep experiments on plant cell walls did not always reach plateaus during the max- was not observed across DMs in pure HG gels, it seems there must be a cell-wall-specific explana-416 tion. Given the small tip diameter (10 nm) the AFM results should be fairly localized. have been successfully used as developmental correlates and in plant growth modelling [7, 17] .
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Given the fact that cell walls are clearly viscoelastic, the dynamic data presented here may be 20.9 ± 1.8 0.49 ± 0.02 9.50 ± 0.98 0.04 ± 0.00 3.17 ± 0.16 0.21 ± 0.00 1 Evaluation of Pectin Linear Viscoelasticity
Theory
For a linear viscoelastic material, relaxation curves at different indentation depths will reduce to a single master curve when the following rescaling is applied
where in our case t = 0 was recalibrated to be the moment that the AFM reached its force setpoint and t was set to be 14 seconds after that, near the end of the relaxation hold. The poroelastic rescaling used was
where t * = αδ as the tests did not generally reach a plateau within the time-frame of the experiment (see Moeendarbary et al. [1] and Strange et al. [2] for the more general case). The above curve is plotted against rescaled time t = t/δ. Also, as before, t = 0 was recalibrated to be the moment that the AFM reaches its force setpoint. δ was taken to be the average displacement occurring between 6 and 9 seconds into the experiment as a good approximation. The constant α was fixed for all curves and is arbitrary in the case of a poroelastic material that reduces to a master curvethough it will introduce a 'pinch-point' where all the curves meet. This can be seen algebraically by converting t * to rescaled time such that t * = α and noting that the numerator of Equation 2 will always be equal to 0 at this time point.
Results
During indentation of HG gels, there are likely several physical modes of deformation which occur simultaneously. These could include near-instantaneous extension and contraction of the pectin chain network, rearrangement of the network via breaking and reforming of ionic bonds, and flow of aqueous solution through the network. The dominant physical mechanisms observed depend on the pectin formulation, and the length and time-scales of the testing method used [2] . Various biochemical pectin formulations have been found to exhibit a range of deformation modes including linear and non-linear viscoelastic [3, 4] , and poroelastic [5] . Furthermore the algal-derived hydrogel alginate, which is comprised of a different polysaccharide to HG but also forms calcium crosslinks [6] , has been found to exhibit poroelastic or viscoelastic effects depending on whether the cross-linking mechanism used to form a gel was covalent or ionic respectively [7] . Thus, before a thorough comparison between different DM HG gels could be made, the appropriate theoretical framework to analyse the rheological data had to be identified.
First, a series of elastic indentation tests were conducted which enabled the determination of proxy forces which would yield desired indentation depths. This is required as AFM set-points must be specified in terms of force applied. DM41 HG gels were subjected to a series of rapid indentation tests across a range of forces from 500 to 6000 nN (approach speed = 50 µm s −1 ). The resulting force-indentation curves were analysed using the Hertzian contact model for a sphere in order to calculate the gels' Young's Moduli (E). This model was chosen over the DMT and JKR models due to the negligible adhesion observed in approach curves. These results also allowed assessment of linear elasticity. The change in mean average Young's Modulus was only 18% over an order of magnitude force range which led us to conclude that, within the tested force range, the gels were behaving as linear elastic materials to a reasonable approximation (Figure 1a ; E=58.9 ± 7.0 kPa, standard deviation; n=18, 3 points on 6 gels). The apparent change in E may also be increased by the lower signal/noise ratio at lower forces.
The time dependent behaviour of DM41 HG was then investigated in order to determine the relative importance of poroelasticity and viscoelasticity under AFM micro-indentation. AFM force relaxation tests, in which deformation was held constant while force was monitored over a prescribed time, were performed. Using the averaged force-displacement relationships found in the previous elastic experiment, 15 second relaxation tests were conducted on six DM41 gels at forces corresponding to 2 µm, 3 µm and 4 µm indentation depths (F = 1911 nN, 3185 nN and 4690 nN  respectively) . These forces corresponded well to the indentation depths predicted by our first set of experiments. To avoid any effects caused by pre-stressing, every relaxation test on a specific gel sample was done at a unique point. Suitable rescalings were then applied to the data to assess the suitability of a poroelastic or viscoelastic theoretical framework (See Methods, Equations 1 and 2). The poroelastic scaling did not collapse to a master curve except at the start and end ( Figure 1c) ; the pinch-point at the end is due to the selection of the rescaling parameter, α. If the gels were poroelastic, the curves would collapse to a master-curve regardless of the value of α. However, this is clearly not the case, as corroborated by Figure 1d . Qualitatively, the linear viscoelastic rescaling resulted in a clear master-curve collapse (Figure 1b) suggesting it is the correct framework for subsequent analysis. A possible explanation for this can be constructed using scaling arguments. The experimental length scale here is L = √ Rδ ∼ 10 −6 . As L 3 L 2 , the volume of water displacement may be less significant than the direct pressure applied onto the material by the indenter's surface. Further, it may be that the permeability of the gel is high enough that there is negligible obstruction to fluid flow. A third explanation, similar to that proposed by Zhao et al. [7] for alginate relaxation with sufficient sample size, could be that the non-poroelastic behaviour is due to ionic cross-links reforming at a much faster rate than water migration. In summary, these data indicate that HG gels behave as linear-elastic viscoelastic solids under micro-indentation. 
